Abstract. We present the UK's input into the Pliocene Model Intercomparison Project Phase 2 (PlioMIP2) using the HadCM3 climate model. We outline the process of setting up HadCM3 with the enhanced PRISM4 boundary conditions and discuss in detail the assumptions and choices made. We then present the HadCM3 spin-up process from an initial arbitrary atmosphere, zero-momentum ocean state through to a well-equilibriated climatic state. We present data from the spin-up and final climatological mean state of the pre-industrial and Pliocene experiments. We focus on large-scale climatic and oceanic features. and land surface changes primarily modifying the geographical extent, and increasing CO 2 leading to a general wet-get-wetter 10 response. We see a reduction in summer and winter sea ice extent driven by both geographical -land surface changes and CO 2 increase. In our model, the Atlantic Meridional overturning is relatively insensitive to CO 2 but is strengthened in the Pliocene (from 15.7 to 19.6 Sv) due to the change in palaeogeography. Understanding the change in Antarctic Circumglobal Current within the Pliocene is problematic given an overly intense modern ACC and palaeogeography-driven changes in barotropic model set-up within the Pliocene. We confirm that the modern orbit used throughout PlioMIP2, is a satisfactory substitute 
Comparing the control Pliocene experiment to pre-industrial the change in palaeogeography and CO 2 combined account for a warming in globally integrated air temperature (sea surface temperature) of 1. and land surface changes primarily modifying the geographical extent, and increasing CO 2 leading to a general wet-get-wetter 10 response. We see a reduction in summer and winter sea ice extent driven by both geographical -land surface changes and CO 2 increase. In our model, the Atlantic Meridional overturning is relatively insensitive to CO 2 but is strengthened in the Pliocene (from 15.7 to 19.6 Sv) due to the change in palaeogeography. Understanding the change in Antarctic Circumglobal Current within the Pliocene is problematic given an overly intense modern ACC and palaeogeography-driven changes in barotropic model set-up within the Pliocene. We confirm that the modern orbit used throughout PlioMIP2, is a satisfactory substitute study is equivalent, in terms of model updates and modifications, to HadCM3B-M2.1a of Valdes et al. (2017) . We keep with the name HadCM3 in reference to the UKMO (Pope et al., 2000; Gordon et al., 2000) but acknowledge the contribution made by the University of Bristol in keeping the HadCM3 developed and updated.
Atmosphere model
The atmosphere component of HadCM3 has 19 vertical hybrid sigma-pressure levels (5 terrain-following sigma-levels at 5 the surface changing to pressure-levels at height, extending to 10 hPa). Horizontal resolution is 3.75 x 2.5 o (96 longitude x 73 latitude), equivalent to 417 x 278 km and 295 x 278 km at the equator and 45 o latitude respectively. The model has a time-step of 30 minutes and is coupled to the ocean model (Section 2.2) using the oasis coupler every model day. Atmospheric composition, other than CO 2 (described in Section 3.1 and 3.2) is equivalent to pre-industrial throughout (N 2 O 270 ppb, CH 4 760 ppb and no CFC) consistent with the PMIP2 protocol (Braconnot et al., 2007) . We chose PMIP2 so as to remain consistent with the within all experiments, a value con-15 sistent with the pre-industrial experiment within PMIP2 and CMIP5 as well as PlioMIP1. We use this often used canonical value (derived in the 1990s) to remain consistent with previous work but acknowledge that space borne measurements of TSI have decreased from 1,371 to 1362 Wm -2 from 1978 to 2013 (Kopp and Lean, 2011; Meftah et al., 2014) . Indeed, the CMIP6 piControl simulation uses a value of 1361 Wm -2 (Matthews et al., 2016) . We examined the impact of TSI choice within the context of both pre-industrial and Pliocene climates (Section 4.3.2) . Recognising this source of uncertainty and the impact 20 on climate anomalies (due to non-linear climate responses) is important as the PlioMIP2 specification (Haywood et al., 2016, Section 2.3.1) leaves the choice of TSI to individual modelling groups, whose TSI may depend upon if the group is participating within CMIP6. The impact of TSI choice is minimised by the Pliocene communities use of climatological anomalies, but should be considered when comparing model-model absolute indices (summer sea ice extent, AMOC strength etc.).
The land surface scheme is MOSES 2.1 (Met Office Surface Exchange Scheme; Cox et al. (1999) . Within the scheme there 25 are 5 plant functional types (PFTs: Broadleaf and Needleleaf trees, C 3 and C 4 grasses, and shrub) as well as soil (desert), lakes and ice. Each terrestrial grid cell can take fractional values of each surface type, except if it is glaciated, which is unitary. We hold vegetation fixed through the entirety of each experiment. MOSES principally deals with the hydrology of the canopy to the subsurface, and the surface energy balance (including subsurface thermodynamics). MOSES2 introduced subgrid (tiled) heterogeneity and improved representation of surface and plant processes.
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Runoff is collected in drainage basins and delivered to associated coastal outflow points (on a 3.75 x 2.5 o geographic grid).
River transport is not modelled explicitly, instead runoff is returned to the coastal outflow point in the upper layer of ocean instantaneously (at the atmosphere-ocean coupling step).
Ocean Model
The ocean component is a rigid lid model of the Bryan-Cox-Semtner lineage (Bryan, 1969; Semtner, 1974; Cox, 1984) Within the modern boundary conditions, cells overlying important subgrid-scale channels are artificially deepened to improve flow representation (Denmark Strait, Iceland-Faroe and Faroe-Shetland Channels, and the Indonesian archipelago). Additionally, within the Greenland-Iceland-Scotland region a convective adjustment scheme (Roether et al., 1994 ) is used to 10 better represent down-slope mixing; important for the representation of dense outflows that form the North Atlantic Deep Water (NADW). A similar scheme is not present for Antarctic Bottom Water. Water mass exchange through the Strait of Gibraltar, a channel that falls sub grid-scale, is achieved with a diffusive pipe. Other sub grid-scale channels, such as the Canadian Archipelago, Hudson Bay outflow and the Makassar Strait, remain spatially unresolved and subsequently unrepresented. The latter has been shown to possess most of the Indonesian throughflow (Gordon et al., 2000) and so is compensated for within 15 the model by a deepening of regional model bathymetry. The fresh water budget of the ocean is balanced by fresh water fluxes (specifically, virtual -ve salinity fluxes) from the river routing scheme and a prescribed time-invariant freshwater iceberg field.
Within the Pliocene experiments we omit the latter and instead use an annually derived freshwater correction to reduce residual globally-integrated salinity drifts to zero, and hence artificiality close the water budget. We justify this as we currently do not have a priori knowledge of the geographic distribution of iceberg melt consistent with the ice sheet distribution within the
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PlioMIP2 enhanced boundary conditions. In the northern hemisphere we do not expect significant iceberg calving given the configuration of the Greenland ice sheet and the lack of marine terminating margins specified within the PRISM4 boundary conditions.
The rigid lid streamfunction scheme imposes the need for bathymetry to be smoothed particularly in steep regions of the high-latitudes, and for islands to be specified as line integrals for the barotropic stream function. A major consequence of 25 the latter is that the modern Bering Strait through-flow is not fully resolved as it sits between two model-defined continents between which the barotropic component of flow is poorly resolved. An advantage of the rigid lid scheme is that barotropic gravity waves are neglected which facilitates the use of longer time-steps. The sea ice model is a simple thermodynamic scheme with parameterisations for ice drift and concentration (including leads).
Observation derived upper-boundaries to Arctic and Antarctic sea ice concentration of 0.995 and 0.980 are used. Ocean salinity 30 is influenced by sea ice formation and melt by assuming a sea ice salinity of 0.6 psu (excess salt, in effect, is returned to the ocean). Sublimation is represented and acts to increase ocean salinity (salt blown into leads), whilst ocean-bound snowfall and precipitation reduce salinity. The effects of snow age and melt pond formation on surface albedo is represented with a simple parametersisation. Ice drifts only by the action surface ocean current. Sea ice dynamics is represented by parameterisation 4 Clim. Past Discuss., https://doi.org /10.5194/cp-2018-180 Manuscript under review for journal Clim. Past Discussion started: 8 January 2019 c Author(s) 2019. CC BY 4.0 License. based upon Bryan (1969) and ice rheology is simply represented by preventing ice convergence above 4 m thickness. There is no representation for the interaction between floes.
Experiment Design
We now describe the setup of the Pliocene and pre-industrial experiment. The Pliocene experiments have CO 2 set to 280, 350, 400, and 450 ppmv, each conducted with modern orbit as specified by the PlioMIP2 protocol, and a 3. model grid, and then applying the anomaly to the models pre-industrial land sea mask. This is so that the final reconstruction is consistent with both the original MOHC model set up (regridding methodology and hand edits) and the PRISM4 land sea mask (LSM). Furthermore, a number of hand edits were then applied to the resulting 96 x 73 PRISM4 LSM to ensure that the underlying character of the PRISM4 reconstruction is represented as best as reasonably practicable at model resolution. In particular hand edits were applied in the Eurasian Arctic, Baffin Bay, Greenland, North America, Europe and the Mediterranean, Africa, South America, Australasia and Antarctica. In remaining consistent with the MOHC developed pre-industrial boundary conditions we omit Svalbard and Novaya Zemlya despite subaerial extension within PRISM4. At model resolution the Strait of Gibraltar is the same as pre-industrial and so the diffusive pipe is incorporated. The resulting PRISM4 LSM was then used to constrain the generation of the model resolution orography and bathymetry which were interpolated using similar methodology, and then applied as an anomaly to the existing HadCM3 pre-industrial 10 orography and bathymetry. River routing was derived from the pre-industrial routing scheme (Section 3.1) but corrected in regions of land sea mask, topographical and ice-bedrock change using a model resolution river routing model. This is then followed by manual correction in corrected regions in circumstances when model resolution fails to capture important orography or where new orography is flat. The vegetation scheme was regridded by combining a BIOME4-to-MOSES2 lookup table and bespoke regridding methodology relying on an area-weighted survey of underlying biomes, guided by the model resolution 15 LSM. A similar area-weighted regridding was conducted for the lake field. We chose not to generate the lake mask as an anomaly from the modern lake distribution as land surface change since the pre-industrial would be imprinted on the models lake distribution. All boundary conditions were generated within a bespoke Matlab framework using the MOHC-developed and National Centre for Atmospheric Sciences, Computing Modelling Services (NCAS-CMS) supported xancil and um2nc tools. 
Barotropic streamfunction Island configuration
Rigid lid Bryan-Cox type models require islands (and by extension, continents) to be identified so that a net non-zero barotropic flow (depth-independent) can be achieved around the line integral (streamfunction non-zero). The default pre-industrial configuration of the model has 6 islands defined. For consistency, aforementioned hand edits to both land sea mask and bathymetry have allowed islands to be specified that are consistent with the E 280 experiment but also reflect the key palaeogeographic 25 changes presented by the PRISM4 palaeogeography. In particular western Iceland and East Greenland land cells were adjusted to ensure that Iceland could be defined as a streamfunction island, and hence we could represent fully the East Greenland Current. The island to the west of the Antarctic Peninsula body, lies within the island definition of the main Antarctic continent and therefore the circulation between the two is not fully resolved (only the Baroclinic flow is resolved fully). These problems are likely to arise in all rigid rid streamfunction ocean models that have insufficient spatial resolution to fullyresolve these channels and inherently cannot resolve line integrals around bounding land masses. Ocean models that have 5 explicit or implicit free surface schemes with sufficiently high horizontal spatial resolution may resolve these issues.
Pliocene Model initialization and spin up
Model spin-up is conducted in eight stages. First the Atmosphere model (AGCM) was initialized in a 50 year run with PRISM4 basic surface scheme (lakes, ice, shrubs and orography) and land sea mask, pre-industrial CO 2 and zonal hemisphericsymmetric monthly Sea Surface Temperature (SST) and sea ice derived from a well spun-up pre-industrial HadCM3 (AOGCM) 10 simulation. Model failures at this stage allow for the identification of steep topography that requires regional smoothing. This is then followed by a 100 year AOGCM run with PRISM4 bathymetry and the river scheme. Here the ocean model has barotropic physics turned off. Stage three adds the barotropic physics (without specifying islands) and runs for 200 years. Regional bathymetric smoothing was applied in regions which caused model failure. The island configuration (Section 3.2.2, Figure 1 ) is then derived in stage four using an iterative series of sensitivity tests in which each island configuration is refined. Once complete, In total the ten Pliocene experiments (Core and Tier 1 detailed within were run for 7000 model years giving a total of 7.5Tb of data. Each instance of the model is run on 24 Intel Xeon E5-2650v4 cores of the University of Leeds Advanced Research Computing platform (ARC2) and with full physics achieve 70-90 model years per wall clock day depending upon the chosen diagnostic output suite.
Equilibrium State
By model years 2400 to 2500, our Pliocene control experiment Eoi 400 has achieved a quasi-steady-state equilibrium in which is greatest over land although in ocean regions at or near Antarctic land sea mask change (terrestrial ice to Pliocene ocean) warming is significant. This pattern of warming is in a similar distribution to HadCM3 within PlioMIP under PRISM3 boundary conditions (Bragg et al., 2012, Exp. 2) .
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The Pliocene cooling in the Barents sea is statistically significant and persistent through the model integration. It coincides with an increase in Pliocene winter and spring sea ice concentration driven by palaeogeographic terrestrial winter cooling in the circum-Arctic (Pliocene subaerial Barents and Baltic Sea). This cooling is potentially driven by the partial suppression of northward heat transport (in the Norwegian Current) by the sub-aerial extension of the UK region within the model. C. Subsequently the ESS/CS ratio is ∼ 1.90, which again is similar to the ESS/CS ratio of 2.0 of HadCM3 within PlioMIP1 (Haywood et al., 2013) . It must be noted that this calculation assumes that the PlioMIP2 enhanced boundary condition is the 10 equilibriated Earth System to a contemporary doubling of CO 2 , hence neglecting changes in topography and land sea mask.
Precipitation
The globally integrated Mean Annual Precipitation metric (MAP; Table 4), is influenced principally by geography and land surface changes and is relatively insensitive to Pliocene CO 2 changes. The change in palaeogeography (Eoi 
Sea Surface Temperature and Warm Pools
Pliocene and preindustrial Mean Annual SST (MASST) are detailed within Table 6 and shown within Figure 9 . We see a but this effect diminishes with increased CO 2 . This is evident in both the Western Hemisphere Warm Pool (WHWP) and Indo -Pacific Warm Pool (IPWP) regions. As expected, increased CO 2 drives warm pool expansion.
Sea Ice
A complex picture emerges in the geographic and CO 2 sensitivity of seasonal sea ice distributions as shown within Figure 10 .
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Within northern hemisphere winters, the paleaogeographic and vegetation changes (Figure 10g vs. 10c) drive an equaterward expansion of sea ice extent in the Greenland Sea region. Increasing CO 2 from 280 to 400 ppm counteracts some of this expansion. In the southern hemisphere the palaeogeographical changes suppresses sea ice extent significantly within the Weddell Sea and also eastward towards the Davis Sea in both summer and winter. Coincident with this suppression, is an equaterward expansion of sea ice within the Bellinghausen Sea region. Generally as we increase CO 2 at both poles we see a general reduc- Deep Water (NPDW) formation (see Table 7 ).
Ocean Heat and Mass Transports (Atlantic and Pacific MOC)
The Atlantic Meridional Overturning Circulation (AMOC) streamfunction for E 
Antarctic Circumglobal Current
The Antarctic Circumglobal Current (ACC) strength is detailed within Table 8 In this study we have described the incorporation of PlioMIP2 PRISM4 mid-Piacenzian (Pliocene) enhanced boundary conditions into the HadCM3 global climate model. We conducted PlioMIP2 core and Tier 1 pre-industrial and Pliocene experiments as well as sensitivity experiments exploring solar insolation choice and orbit. We then examined the large-scale features of the climate and ocean state of these experiments.
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Comparing to the pre-industrial control (E 280 ), we find Pliocene surface warming focussed within the high-latitudes in a similar distribution to HadCM3 within PlioMIP1 under PRISM3 boundary conditions (Bragg et al., 2012, Exp. 2) . We find that the Pliocene palaeogeography and CO 2 account for a warming (relative to the pre-industrial) in globally integrated air temperature (sea surface temperature) of 1. respectively (Haywood et al., 2013) . We derive an approximation of Earth System Sensitivity of ∼5.5 o C leading to an ESS/CS ratio ∼ 1.90, which is similar to the ESS/CS ratio of 2.0 derived within PlioMIP (Haywood et al., 2013) . This similarity between PlioMIP1 and PlioMIP2 CS and ESS/CS ratio demonstrates an insensitivity to the degree of palaeogeographic variation between PlioMIP1 and PlioMIP2. This strongly indicates that the primary control on the ESS/CS ratio is the reconstructed ice distribution and global vegetation coverage which, with the exception to the Greenland icesheet, is consistent between 15 PlioMIP1 and PlioMIP2. We recognise that CS and ESS calculations are model dependent and this will be looked at detail in the multi-model comparison of PlioMIP2 results.
We find an AMOC which is more intense in the Pliocene than the pre-industrial driven principally by the change in geography (Table 7) . We determine this by comparing AMOC strength between Eoi Unfortunately AMOC time-series data is not available from HadCM3 PlioMIP1 (Bragg et al., 2012, Exp. 2) to ascertain the statistical significance of the difference between the PlioMIP1 Pliocene (18.6 Sv) and corresponding pre-industrial (17.8 Sv).
Nevertheless, looking at typical HadCM3 (MOSES2) AMOC variability within Table 7 , suggests no statistically significant 30 increase in AMOC modelled in PlioMIP1 (the difference between Pliocene and pre-industrial in Bragg et al. being ∼ 1σ) . This is the first time using this model that a statistically significant increase in AMOC has been predicted for the Pliocene. munity. For example we show that the representation of the KM5c (3.205 Ma) timeslice with a modern orbit is an acceptable choice -leading to no statistically significant differences within MASAT (Table 3) or MAP (Table 4) which is in accordance with previous work (Haywood et al., 2013) . When considering absolute values or climatic indices the influence of TSI or orbit is minimal but should nevertheless be considered. Models with greater climate sensitivity will present more sensitivity to TSI and potential for non-linearities in climate response (e.g. relating to feedbacks at or near the sea-ice edge or climate-vegetation 5 interactions).
Whilst the Pliocene represents an incredibly useful contemporary-climate analogue, the use of a non-modern palaeogeography (enhanced PRISM4 boundary condition dataset) does present limitations when using low to intermediate spatial resolution climate models. Numerical regridding of the land sea mask is a binary process and requires hand corrections driven by an understanding of model architecture (i.e. imposed by rigid-lid streamfunction, horizontal grid type etc.) and represented physics.
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As a pre-cursor, some a priori knowledge of important aspects of Pliocene ocean circulation is required to guide a series of expert-informed decisions on model configuration. Similarly, when model development teams (e.g. MOHC) create present-day boundary conditions, knowledge of circulation patterns and through-flow strength is often used to inform hand corrections (e.g artificial deepening of narrow channels) or the inclusion of parametrisations (e.g. diffusive pipes to represent otherwise unrepresented, narrow straits). This a-priori knowledge is not necessarily available for the Pliocene and it is therefore difficult 15 to assess. An example of this is in the subariel extension of the UK and its potential influence on the Norwegian Current. An accompanying paper will investigate a number of palaeogeographic sensitivities including regional land-sea mask changes.
Additionally, the use of models of varying spatial resolution and model architectures within the PlioMIP2 framework may allow these aspects to be considered. For example, free-surface climate models with higher horizontal spatial resolution may help in the interpretation of the Pliocene ACC strength and the Pliocene Arctic Ocean cold anomaly identified within this study. Bay. These important regional changes must be considered when considering the mPWP time slice as an equilibrium state 25 analogue to contemporary climate change (i.e. a 400 ppm world).
Data availability. Climatological averages within NetCDF4 files as specified by the PlioMIP2 experiment specifications held at the University of Leeds data repository. Requests of access should be directed to A. M. Haywood. Specific data requests should be sent to the lead author (S.Hunter@leeds.ac.uk).
All PlioMIP2 boundary conditions are available on the USGS PlioMIP2 web page (http : //geology.er.usgs.gov/egpsc/prism/7_pliomip2/). Note also that this annual-mean state is not physically realised simultaneously, instead represents a histogram of a 50 year climatology. A description of the additional sensitivities can be found within Section 3. TSI=Total Solar Irradiance, our standard a discussion can be found within Section 2.1 and specific results presented within 4.3.2. KM5c orbital experiments described within 3 and results presented within 4.3.1. 17.5 ± 0.5 +3.5 ± 0.7 -3.8 ± 1.0 21.9 ± 0.4 -13.4 ± 0.8 
